The experimental results on the ultrasonically assisted synthesis of lead oxide nanoflowers using ball milling have been reported in the present work. Lead oxide nanoflowers were prepared employing mixed ligands by subjecting the formed precipitate to ultrasonication and grinding/ball milling. The effect of ball milling as well as fine grinding in agate mortar on the microstructure and surface morphology of the lead oxide was studied. The characteristics of synthesized PbO were studied using X-ray diffraction, X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy and field emission scanning electron microscopy techniques. XRD results demonstrated the tetragonal phase of PbO with crystallite size of around 25 nm and strain of 3.6 9 10 -3 calculated from Williamson-Hall plot. FESEM images manifested the formation of nanodiscs and nanoflowers with a diameter of around 300 nm and thickness of 50 nm. XPS spectra revealed the formation of PbO with photoelectron peak of Pb 4f and O 1 s lied at 137.68 and 529.96 eV. Moreover, FTIR spectrum exhibited Pb-O bond peak in the range of 400-530 cm -1 .
Introduction
The growing demands of energy and the degradation of non-renewable resources have led to the conversion and storage of solar energy through photovoltaic method. Therefore, recently, the researchers have been seeking alternative materials and methods to improve the efficiency of solar cells. Lead oxides, existing in four basic types, namely, PbO, PbO 2 , Pb 2 O 3 and Pb 3 O 4 , have wide applications including semiconductors, transparent conductors, batteries, electro-catalysts, gas sensors, solar energy conversion materials, and other electronic or electronic related materials. Amongst these, PbO (lead monoxide) was utilized as a photoactive layer in Schottky type photovoltaic devices [1, 2] and a surface modification layer in inverted polymer solar cells [3] . PbO exists in two polymorphic forms as a tetragonal phase (a-PbO or litharge), and an orthorhombic phase (b-PbO or massicot). Though both phases have very low electrical conductivity (&10 -12 mho cm -1 ), they exhibit interesting semiconducting and photoconducting properties. a-PbO and b-PbO are photoactive semiconductors with band gaps of 1.92 and 2.7 eV, respectively. a-PbO has potential application in photovoltaic [4] while b-PbO was used as a surface modification layer for lowering work functions [3] . In recent years, PbO nanoparticles and nanostructures have been prepared via different chemical techniques, such as precipitation, hydrothermal, sonochemical, etc. Till date, to synthesize PbO nanostructures viz. nanoparticles [5] , nanorods [6] , nanosheets [7, 8] as well as nanowires, hexagonal nanoplates, and microspheres [9, 10] above mentioned chemical techniques have been used. But, there are rare reports on the synthesis of PbO nanodiscs/nanoflowers using simple and cost-effective precipitation method. It is well known that the high surface area of nanostructures like nanorods, nanosheets, nanowires and nanodiscs, etc., of any material has profound effect on their applications. The size and shape of these structures can be controlled using capping ligand as reported elsewhere [11, 12] . It was reported that nanocomplexing with polymer can be used to combine the desirable properties of nanoparticles and polymer to be used in the Organic Thin Film Transistor (OTFT) [13] . In a similar way, the high surface area of semiconducting PbO nanostructures and electrical conductivity of polymers can be combined to be applied in the photovoltaic device. Besides the effect of capping ligand, it was also observed that the shape and size as well as surface area of the nanostructure can be influenced by the ultrasonic waves [14] . There are many reports on the synthesis of PbO and PbO 2 nanostructures using sonochemical (ultrasonication) methods [14, 15] . Ultrasonication can also cause the aggregation of the precipitated primary particles leading to 1D, 2D or 3D nanostructures. Further, the ball milling and fine grinding of the dried powder help to reduce the particle size and their aggregation. Taking all these into account, attempts have been made to synthesize PbO nanodiscs/nanoflowers using simple method of precipitation employing ultrasonication and the effects of ball milling as well as fine grinding in agate mortar on the structure and morphology of PbO have been studied.
Experimental
The successful synthesis of PbO nanoflowers via cost-effective precipitation method employing ultrasonication has been carried out. The chemicals used for the synthesis of PbO nanodiscs/nanoflowers were as follows: lead nitrate [Pb(NO 3 ) 2 , Sigma Aldrich] as a starting material, oxalic acid (C 2 H 2 O 4 , Sigma Aldrich) as a precipitant, and polyvinyl pyrrolidone (PVP, mol wt 40,000 g, Sigma Aldrich) and cetyl trimethyl ammonium bromide CTAB (CTAB, mol wt 364.46 g, Sigma Aldrich) as a capping ligands. Ethanol (EtOH) and D.I. water were used to remove impurities from the precipitate, and hexane was used as a surfactant during ball milling.
The schematic flowchart for the synthesis of PbO nanodiscs/nanoflowers is presented in Fig. 1 . The preparation of PbO was carried out by successive addition of PVP and CTAB as reported elsewhere [5] . To study the effects of fine grinding and ball milling on morphology of PbO, three samples were prepared as PN1 (without grinding or milling), PN2 (fine ground for 30 min.), and PN3 (ball milled for 24 h). In a typical procedure, the aqueous lead nitrate (0.01 M) was mixed with PVP (0.005 M) and CTAB (0.05 M) under stirring for 60 min followed by addition of oxalic acid (0.01 M) under stirring of 30 min. During the synthesis the volume ratio of Pb(NO 3 ) 2 :oxalic acid:(PVP/CTAB) was kept at 1:1:0.05. This gives a white precipitate which was subjected to ultrasonication at 70°C for the period of 3 h, centrifugation at 10,000 rpm for 10 min and washing with DI H 2 O and EtOH, respectively. The as processed precipitates were dried at 120°C over 24 h, fine grand for 30 min and ball milled (as reported in Ref. [5] ) before calcination. Afterwards, each sample was calcined in O 2 atmosphere in a tube furnace at 400°C for 1 h with heating rate of 15°C min . The samples were used for characterization after furnace was cooled to room temperature (RT). Powder X-ray diffraction (XRD, RIGAKU Ultima IV diffractometer, Japan) patterns were acquired on a diffractometer using Cu Ka (k = 1.541 Å ) radiation operating at 40 kV and 30 mA. Diffraction was carried out in range (2h) from 20°to 80°at a scanning speed of 4°min
. The crystallite size (D) and strain (e) of PbO samples were calculated using the Williamson-Hall (W-H) plot by plotting the graph of b cos h vs 4 sin h. The W-H relation is as below [16] : where, k is the wavelength of Cu Ka radiation, b is the integral width of peak and h is the diffraction angle. The crystallite size and strain induced were extracted from the y-intercept and slope of W-H plot using Eq. (1), respectively.
The dislocation densities in the synthesized PbO samples were estimated using the following formula (Eq. 2).
where D is the crystallite size obtained from W-H plot.
The effect of fine grinding and ball milling on morphology of PbO samples was studied using field emission scanning electron microscopy (FESEM, JEOL JSM-600F, Japan) with an acceleration voltage of 15 kV. X-ray photoelectron spectroscopy (XPS) at the 4D beamline of the Pohang Accelerator Laboratory (South Korea) was used to analyze the chemical bonding state of as synthesized PbO using incident photon energy of 650 eV. The evolution of chemical bonds in PbO samples was monitored using Fourier transform infrared spectroscopy (FTIR, PerkinElmer spectrometer, UK) ranging from 3500 to 350 cm -1 .
Results and discussion
Ultrasonic synthesis results in chemical or physical changes in the materials properties. It involves a phenomenon of cavitation leading to the formation, growth and collapse of the bubbles in liquid [17] . This generates local hot spots having the temperature of thousands of°K, and pressure of hundreds of atmosphere along with a lifetime of few microseconds. The physiochemical effects of cavitation strongly depend on the vapor pressure, viscosity and temperature of the liquid as well as ultrasonic intensity. Ultrasonic radiation provides the thermal energy to decompose the complex precipitate to fine primary particles and then prevent their aggregation. For the synthesis of PbO, the formed precipitate was subjected to ultrasonication at 70°C for 3 h and the effects of ball milling and fine grinding on the microstructure and morphology of as synthesized PbO have been studied as follows. Figure 2 shows XRD diffractograms of PN1, PN2 and PN3 samples synthesized via precipitation method followed by ultrasonication. All three samples exhibit tetragonal crystal structure of PbO matching with the JCPDS data card number PDF#85-1287. The corresponding diffraction peaks are indexed as (1 0 1), (1 1 0), (2 0 0), (2 1 1), (2 0 2), (2 2 0), (3 0 1) and (3 1 0) planes of the tetragonal PbO with a sharper and stronger peak of (101) indicating phase orientation along \101[. Figure 3 manifests the W-H plots for PN1, PN2 and PN3 samples. The crystallite size of PN1, PN2 and PN3 samples estimated by the W-H plot (Fig. 3 ) and Eq. (1) are nearly 80.67, 152.38 and 24.93 nm, respectively. Also the strain and dislocation density of PN1, PN2 and PN3 samples derived using W-H plot and Eqs. (1) and (2) are tabulated as in Table 1 . The lower crystallite size of the PN3 sample is because the ball milling enormously helps to break the precipitated powder to nano size powder through the impact of centrifugal forces. Ball milling provides sufficient energy for reduction of particles size of the final product. Therefore, PN3 samples have lower crystallite size (compared to PN1) with the strain value of 3.6 9 10 -3 and dislocation density of 1.61 9 10 15 m -2 . The higher crystallite size of PN2 samples (152.38 nm) clearly manifests that grinding in agate mortar has no significant effect on reducing the size of precipitated powder. As seen from Eq. (2), the dislocation density is inversely proportional to square of crystallite size, therefore, d is larger for PN3 sample as compared to PN1 and PN2 (Table 1) . Hence, Table 1 exhibited that PN3 sample i.e., PbO nanoflowers consists of very fine crystallites.
The FESEM micrographs of PN1, PN2 and PN3 samples are shown in Fig. 4 . From Fig. 4 , it seems that PN1 and PN2 samples consist of nanodiscs while PN3 sample consists of nanoflowers. The diameter and thickness of nanodiscs in sample PN2 were measured to be around 300 and 50 nm, respectively, which may be nearly the same in case of PN1 and PN3 samples. PbO nanodisc formation is because of the ultrasonication which facilitates the reduction in particle size preventing the agglomeration and these primary particles aggregate to form nanodiscs during calcination at high temperature (400°C). The reason behind this is that a higher surface energy possessed by the nanoparticles makes them aggregate once it goes into a solid-state condition [18] .
Due to the centrifugal forces created by the rotation of ball milling system, the powder mixture is fractured and cold welded under the impact of high energy producing nanoflowers in case of sample PN3. The obtained nanopowders exist in random structure in an aggregated form of nanodisc or nanoflowers. The formation of nanodiscs or nanoflowers in PbO samples can be well understood by the pictorial representation as shown in Fig. 5 . At first, the nucleation and growth lead to the formation of primary PbO particles, the size and shape of which mainly depend on their rate of formation [19] . After nucleation and growth, the particle size can change by aging processes of coarsening and aggregation. According to the Gibbs-Thomson equation for coarsening, the solubility of smaller particles is larger than that of larger particles due to capillary effect [19] . It means that rate of coarsening of small particles is faster. At last, the aggregation of coarsen particles occurs in a random fashion. The rate of coarsening of primary particles in case of PN1 and PN2 samples is smaller than PN3 sample due to ball milling. Therefore, the primary particles of sample PN3 which are significantly smaller than PN1 and PN2 aggregate to form the PbO nanoflower. Figure 6 shows typical core-level XPS spectra of lead, oxygen, and carbon for PN3 sample. As shown in Fig. 6 , the photoelectron peak of Pb 4f and O 1 s lying at 137.68 and 529.96 eV, respectively, are assigned to lattice lead and oxygen in a PbO crystal. The 4f spectrum of PbO comprises a simple spin-orbit doublet of 4f5/2 (at 137.68 eV) and 4f7/2 (142.48 eV) with a spin-orbit splitting of 4.8 eV [20] . Further, the photoelectron peak of C 1 s lying at 285.01 eV is assigned to carbon from PVP and CTAB capped around the PbO. FTIR spectrum of the PN3 sample is shown in Fig. 7 . As seen from Fig. 7 , the peaks in 400-530 cm -1 are related to the Pb-O bond. Further, the peaks at 1046, 1330 and 2840-2950 cm -1 correspond to the bonds of C-N, C=O and C-H of PVP and CTAB, indicating their capping on PbO. The peak at 844 is related to the C-H of the aromatic ring in PVP [5] . 
Conclusions
The successful synthesis of ultrasonically assisted PbO nanoflowers using ball milling has been carried out. Ultrasonication and ball milling enormously helps to reduce the particle size. XRD study revealed the tetragonal crystal structure of PbO nanoflowers with average crystallite size of nearly 25 nm. Moreover, the XPS and FTIR studies revealed the PbO formation. 
